Abstract: Stimulation of the subthalamic nucleus (STN) is an effective treatment for advanced Parkinson's disease (PD), but the medication requirements after implant are poorly known. We performed a long-term prospective evaluation of 20 patients maintained at stable dopaminergic therapy for 5 years after bilateral STN implants, who were evaluated 6 months, 1 year, 3 years, and 5 years after surgery. We measured, during the entire observation period, the effect of deep brain stimulation on motor and functional outcome measures, the levodopa equivalent daily dose and the total electrical energy delivered. At 5 years, the UPDRS motor score had improved by 54.2% and levodopa equivalent dose was reduced by 61.9%, compared with preimplant. Dopaminergic medication remained stable during the observation period, but energy was progressively increased over time. Rest tremor, rigidity, gait, lower and upper limb akinesia, and total axial score were improved in decreasing order. Postural stability and speech improved transiently, whereas on-period freezing of gait, motor fluctuations and dyskinesias recovered durably. Functional measures did not show improvement in autonomy and daily living activities after STN implant. Chronic STN stimulation allows to replace for dopaminergic medications in the long-term at the expense of an increase of the total energy delivered. This is associated with marked improvement of motor features without a matching benefit in functional measures.
Parkinson's disease (PD) is a progressive disorder affecting the motor system. Currently available medications, although providing optimal symptomatic benefit, often lead to troublesome side-effects, like motor fluctuations and on-period dyskinesias, especially in the long term. High frequency stimulation of the subthalamic nucleus (STN) has been effectively used to treat PD patients, providing significant symptomatic relief and allowing to reduce antiparkinsonian medication. 1, 2 The magnitude of motor score improvement after STN stimulation exhibits a dose-response relationship with preoperative response to levodopa challenge, 3 but the extent to which STN stimulation can replace medication in the long term is poorly known. One study reported that levodopa equivalents (LEDD) was reduced by 25% after 5 years, 4 whereas another study indicated a 57% decrease. 5 Different strategies to reduce dopaminergic treatment were used in these studies, which did not report the amount of total electrical energy delivered (TEED) through the electrodes. We performed a prospective study aimed to reduce and stabilize dopaminergic medication after STN stimulation and report on the long-term clinical outcome and the TEED.
PATIENTS AND METHODS
We studied the first 20 (11 men and 9 women) consecutive patients who received STN implants and reached the fifth year of follow-up. All the patients received a diagnosis of PD according to the UK Parkinson's Disease Brain Bank criteria. 6 They all had excellent and sustained response to levodopa, with motor complications, such as disabling motor fluctuations with prolonged and at least occasionally unpredictable ''off'' periods (patients spent at least 25% of the waking day in the off state) and on-period dyskinesias; were HoehnYahr stage III in the practically defined off condition 7 ; fulfilled recognized inclusion and exclusion criteria (heart pacemaker bearer, mild parkinsonian features or unstable drug regimen, cognitive impairment, ongoing psychiatric problems, prior brain surgery or inability to comply with the study protocol) 2 and the recommendations of the CAPSIT-PD panel. 7 The occurrence of mild, dopaminergic medication-dependent, hallucinations were not considered a reason for exclusion, if these mild symptoms could be fully controlled by low doses of clozapine (up to 25-mg daily).
The study protocol was approved by the hospital internal review board. The eligible patients signed an informed consent before entering the study; they were all evaluated, implanted and followed-up at the same institution.
Bilateral simultaneous STN implants were performed in all patients using a standard stereotactic technique. 2 The patients had a mean (6SD) age at implant of 56.4 (66.9) years (disease duration: 14.3 6 6.2). Dopamine agonists were withdrawn 1 week before surgery and levodopa the evening before. Intraoperative test stimulation (pulses of 60 lS at a frequency of 130 Hz) was performed by two neurologists while the patient was awake, before implanting the permanent stimulating electrode. Approximately 1 week later, two Itrel II or one Kinetra (Medtronic, Minneapolis, MN) implantable pulse generators (IPG) were placed in the subclavear region. Stimulation parameters were then checked without medication to achieve optimal control of motor symptoms and to identify the threshold for side effects. The same procedure was repeated 1 and 3 months after implant and at all scheduled follow-up evaluations; aim of the procedure was to identify the stimulation settings and choice of stimulating contacts providing the best possible control on motor signs. Medication was gradually reintroduced after implant, and was maintained at each followup evaluation to the minimum dose necessary to permit optimal motor control in addition to stimulation.
The patients were evaluated preoperatively and then 6, 12, 18 months and 2, 3, 5 years after the implant.
Preoperative evaluations were performed in the morning, in the practically defined off condition 7 and in the best on condition following the first morning dose of levodopa. Each postoperative test session was performed in the morning and consisted of three consecutive UPDRS evaluations: (a) in the practically defined off condition without antiparkinsonian medication and with stimulation turned off; (b) without antiparkinsonian medication, 30 min after switching stimulation on; and (c) with antiparkinsonian medication and stimulation. Condition (a) intended to evaluate the progression of PD motor signs without the influence of treatment; condition (b) was used to measure the efficacy of STN stimulation alone on PD motor signs; and condition (c) served to evaluate the patients' functioning during their best motor condition.
Upper limb akinesia was defined as the sum of the following UPDRS motor items: finger and hand tapping (Items 23 and 24), hand pronation-supination (Item 25). Lower limb akinesia was determined using the UPDRS foot tapping subscore (Item 26). The total axial score encompassed the following UPDRS motor items: speech (Item 18), gait (Item 29), and postural stability (Item 30). Freezing of gait was evaluated using Item 14 of the UPDRS part II. The duration of off-periods was determined based on Item 39 of the UPDRS, part IV. Dyskinesias were calculated by the sum of the dyskinesia duration and disability UPDRS part IV scores (Items 32 and 33); variations of dyskinesias were measured by comparing the postoperative condition with medication and stimulation turned on to the preoperative state with medication. Activities of daily living were evaluated with the UPDRS part II score and the Schwab and England (S&E) functional scale in the patients' best functional state (condition c above). LEDD (measured in milligrams) was obtained by adding to the standard levodopa dose all other dopaminergic medications converted to the relative potency of standard levodopa; TEED (measured in lJ) was computed by the formula TEED 5 (amplitude 2 3 pulse width 3 frequency rate)/impedance. 8 Adverse events were classified as transient, persistent (if not improved by turning off stimulation for a short time), stimulation-induced (present at optimal stimulation parameters, but improved when stimulation was turned off or stimulation parameters were modified), devicerelated, or unrelated to the procedure or stimulation. 9 Repeated measures of analysis of variance were applied to evaluate differences in clinical findings during follow-up. Bonferroni's correction for comparisons between different times was then applied. The chisquare test with Fisher's correction was applied to determine differences in the frequencies of categorical variables. The mean values of clinical variables were compared by means of the Student's t-test (unpaired and paired data) and the Wilcoxon signed-rank test. Any P values <0.05 were considered statistically significant. All values were expressed as means 6SD. Statistical analysis was performed with SPSS software (http://www.spss.com/spss/, release 12.0).
RESULTS
At baseline, the mean motor improvement with levodopa was 58.4% (range: 38.2-82.1); the mean HoehnYahr stage was 4.4 6 0.9 in the off-state and 2.6 6 0.8 during the on-state. Comparison of the UPDRS motor score 5 years after implant with stimulation on, but without medication, to the preoperative condition without medication showed a 54.2% improvement (Table 1) . This was not evenly distributed: rest tremor had the most remarkable changes, followed by rigidity, gait, lower limb akinesia, upper limb akinesia, and total axial score. There was no deterioration during the observation period. By contrast, postural stability markedly improved during the first year after surgery, but reversed to nonsignificant changes after 1 year (Table 1) . Speech improvement was also ephemeral, being detected only for the first 6 months after implant. On-period freezing of gait showed a stable improvement during the 5 years of follow-up.
The daily time spent off, the severity of off-periods and the severity of off-period dystonia were markedly reduced in all the patients during the 5 years of observation. Dyskinesias (particularly in the on state) were improved in all the patients after implant; 14 patients (70%) did not have any dyskinesias at the 5-year visit, whereas the remaining had only slight, nonpainful and nondisabling dyskinesias. The improvement of motor fluctuations was maintained along the 5 years.
At the time of implant, the patients were taking the following antiparkinsonian medication: levodopa (all 20 patients), pergolide (12 patients), ropinirole (4 patients), apomorphine (subcutaneous infusion in 4 patients), and bromocriptine (1 patient). Seven patients were also on clozapine.
The mean preoperative LEDD (1457.6 6 785.6) was greatly reduced during the first 6 months after implant and stabilized at values around 38% of the preimplant dose by 5 years (Fig. 1) . Two patients were without Evaluated with stimulation turned off and without antiparkinsonian medication. *P < 0.05, **P < 0.005, ***P < 0.0005 compared with baseline values. All the other comparisons were not significant.
dopaminergic medication 5 years after implant, three patients took only agonists and three were only on controlled release levodopa preparations. No patient received apomorphine or clozapine. Stimulation amplitude was progressively increased during the postoperative period, from 1 month to 5 years, to keep the best control on parkinsonian signs; pulse width, frequency, and electrode impedance remained stable. TEED did not vary until the third year and was increased afterwards (Fig. 1 ).
There were no significant variations in UPDRS daily living activities and in S&E functional scale in the best postoperative motor condition compared with the best preimplant state (Table 1) . During the 5 years of observation, five patients could recover a full activity in their work, whereas two retired. There were no changes in the patients' family setting (including separations or divorces).
When the patients were evaluated without medication and with stimulation turned off 5 years after implant, there was recurrence of rest tremor in 13. Tremor intensity was on average 31% milder than that observed before implant without medication (P < 0.005). There were no differences in the total UPDRS motor score compared with baseline without medication; speech, gait, and postural stability had nonsignificant variations. In some patients, off-period dystonia appeared in the face or limbs in a matter of few minutes following discontinuation of stimulation. In some of them, off-period dystonia was more disabling than before implant in the condition without medication.
Adverse events were reported in a minority of the patients (Table 2 ). Hypophonia occurred in three patients and was always associated with dysarthria. Two patients required botulinum toxin treatment for bilateral eyelid opening apraxia during the first year after surgery, but not later on. One additional patient had unilateral blepharospasm that was clearly related to stimulation and resolved with botulinum toxin treatment. All the patients gained weight after surgery. Unexplained switching-off occurred in one Itrel II and one Kinetra: these events required emergency management of two patients.
DISCUSSION
The long-term effect of STN stimulation on PD patients consisted in a sustained and marked improvement of the UPDRS motor score, with reduction of severity and duration of dyskinesias and of off-periods compared with the preimplant state. LEDD was reduced by 919.3 mg (61%) and TEED was 160.7 lJ, 5 years after STN implant. The dyskinesia score improved by 80%, more than the motor score, which improved by 54.2%. TEED was stable until the third year and then increased by 21.8% at 5 years; by contrast, LEDD was reduced during the first 6 months after implant without any further variation. This indicates that, under these experimental circumstances, progressively more energy was required to maintain control of parkinsonian symptoms over time. Previous long-term observations, which have not considered the TEED as an outcome measure, reported voltage increase after STN implants. 5, 10, 11 Several factors may have contributed to TEED increase. First, disease progression over 5 years may have been compensated by an increase in stimulation, given the stability of dopaminergic treatment. A shortterm PET study indeed showed that disease progression takes place after STN implants. 12 We always evaluated the patients' motor condition without medication or stimulation, to get information on the underlying natural disease progression, and saw no changes 5 years after implant compared with baseline values. This is consistent with other long-term observations 11 and likely indicates that treatment withdrawal did not last enough to allow assessing the underlying disease severity. In keeping with this, parkinsonian tremor did not recur completely in our patients. Discontinuance of stimulation over 30 min caused a worsening of all motor symptoms that most patients considered unacceptable, consistently with the report that sudden switch-off of STN stimulation may require emergency management in the patients who remain devoid of treatment. 13 A second factor possibly contributing to TEED increase may have been the development of glial scar tissue around the stimulating electrodes, causing partial electrical insulation starting from the third year after implant. Although theoretically possible, this remains an unlikely explanation, as it has been demonstrated that tissue reaction around the electrode tip is usually minimal.
14 It has been proposed that the reduction of dyskinesias can be a direct aftermath of reduced dopaminergic medication 15 leading to a down-regulation of dopamine receptors. In keeping with this, the dyskinesia score was reduced almost to 0 at 6 months and did not diverge afterwards. Still, the observation of a disproportionate improvement of motor and dyskinesia scores is also consistent with the possibility that prolonged continuous STN stimulation may also exert an indirect antidyskinetic action, probably mediated by plastic changes of corticostriatal terminals that counteract the effects of dopaminergic priming. 16, 17 Another possible mechanism may be related to a specific antidyskinetic effect of STN stimulation, similar to that of pallidal stimulation, due to an effect on the ansa lenticularis that runs ventrally to the STN and contains pallidal outflow to the thalamus. 18, 19 Whatever the mechanism, STN stimulation is particularly indicated in PD patients with prominent dyskinesias.
Functional measures showed no change after implant. The S&E functional scale improved transiently for the first year after implant and UPDRS activities of daily living had nonsignificant changes, despite a permanent improvement in motor function. This suggests that, after STN implant, the patients encountered difficulties other than motor impairment that impaired their daily initiatives. It is quite possible that difficulties in re-adaptation of personal, familial, and socioprofessional status following motor improvement may have influenced the S&E scale. This discrepancy between motor and functional outcome supports the view that STN implants could be performed earlier in the disease course to achieve benefit on a broader number of outcome measures. The table reports the number of patients with adverse events and the percent incidence.
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Analysis of individual items of the UPDRS motor score showed that some motor features improved more than others. Axial symptoms (namely, postural stability and speech) improved during the first year of observation, but their response to stimulation progressively deteriorated afterward. These symptoms are known not to respond to an increase of oral medication 21, 22 and in the present series TEED increase was also ineffective on these levodopa-resistant symptoms.
The results of this long-term observation raise the question whether motor improvement after STN stimulation is comparable with that produced by dopaminergic medication. Medication-insensitive worsening of axial symptoms has been attributed to the extension of neural degeneration to nondopaminergic areas. 21 Axial symptoms are resistant to STN stimulation as much as to levodopa or dopamine agonists. Short-term improvement of postural stability has been correlated to an effect on the nondopaminergic connection running from the STN to the pedunculopontine nucleus. 23, 24 We have observed that improvement of postural instability reverses after 1 year, indicating that transient diaschisis, rather than permanent changes, can occur via this direct connection. 25 We also show here that mild, medication dependent, hallucinations can benefit from STN stimulation. All the seven patients who were on clozapine before implant had no postoperative recurrence of hallucinations. It is likely that the management of mild psychotic symptoms was directly caused by the reduction of dopaminergic medication after implant. Overall, these data indicate that chronic STN stimulation is efficacious in controlling levodopa-responsive parkinsonian symptoms and allows maintaining a long-lasting reduction of dopaminergic treatment for 5 years given a progressive TEED increase. Autonomy and daily living activities are maintained, but not improved.
